The outer valence double-ionization spectrum of SiF 4 is investigated by performing accurate ab initio Green's-function calculations based on a newly implemented block-Lanczos algorithm. An analysis of the double-hole density in the correlated states of SiF 4 2ϩ proves that pronounced hole-localization phenomena at the fluorine atoms take place in all the final dicationic states of the Auger decay. We discuss how these phenomena are at the origin of the observed fluorine and silicon Auger spectral profiles and, in particular, how they provide a complete and conclusive account of all the peaks appearing in the Si LVV spectrum. Confirming this, a simple convolution of appropriate intra-atomic components of the computed two-hole density distribution is shown to reproduce the measured spectra in every detail. The recently introduced foreign-imaging phenomenon is fully confirmed by the present extended calculations.
Since the first results on the Auger spectra of silicon tetrafluoride were published by Rye and Houston ͓1͔, their interpretation, especially of the silicon spectrum, is still subject to controversial discussions. The spectra were first reported using electron impact ionization ͓1͔ and have later been confirmed using synchrotron radiation ͓2-4͔. The Si (LVV) spectrum is at the center of interest because of its unusual spectral profile consisting of six broad bands where, according to an atomic self-imaging picture of molecular Auger spectroscopy, only three separated regions were expected. Rye and Houston explained this apparent ''doubling'' by postulating that the two valence holes in a single configuration final state appear spatially in the same Si-F bond or in different bonds. They supported their interpretation by doing calculations based on a semiempirical model and on several assumptions. The most important is the use of only two holehole interaction values ͑often referred to as U͒, one for localization in one Si-F bond and another for delocalization involving two Si-F bonds. This description was used by Aksela et al. ͓2͔ but with a larger set of U values in order to account for the different Auger lines. Ferrett et al. ͓3͔ offered a different approach based on a pure molecular orbital picture. They described the final states with simple two-hole configurations but no explicit spectral assignment could be given. de Souza, Morin, and Nenner ͓4͔, refined that model but already pointed out that it might be neccessary to go beyond these simple models and take final-state configuration interaction into account.
Recently, Tarantelli and Cederbaum ͓5͔ carried out a preliminary study of the silicon spectrum of SiF 4 with a simplified Green's function method accounting for configuration interaction in the final diagram state space and a model estimate of relaxation effects. Despite not being able to diagonalize the full matrices, these restricted calculations including only the 2h configuration space clearly suggested the occurrence of pronounced hole localization at the fluorine atoms in all the 107 final diagram states, with very little and uniform hole density at the silicon. Guided by this finding, the authors proposed a general model, referred to as foreign imaging, capable of fully explaining the central atom Auger spectrum of SiF 4 and similar systems. The conclusions of that work have subsequently received some further indirect support by semiempirical symmetry restricted independentparticle calculations of Larkins, McColl, and Chelkowska ͓6͔, which, not describing hole-localization effects ͓7-9͔, could account only for four of the six peaks observed: such failure of the independent-particle model can indeed be precisely anticipated ͓5͔ once the occurrence of holelocalization phenomena is ascertained. Larkins, McColl, and Chelkowska proposed instead ͓6͔ that the missing peaks be attributed to unaccounted final-state correlation satellites.
The full ab initio calculation including electron correlation effects of the whole double ionization spectrum of SiF 4 is needed to conclusively settle the question of its interpretation and, which is of vast consequences in Auger spectroscopy, of the existence of the foreign-imaging phenomenon. Such calculation, until now beyond the reach of the current computational technologies, has become feasible by employing a block-Lanczos method, which, in our case, ensures fast convergence on the envelope of the energy distribution of the two-hole pole strength of the Green's function. In this paper we present the results of these calculations. With the knowledge of the correlated ab initio wave functions and energies of the dicationic states we have investigated the extent to which hole localization takes place and how it affects the energy position and appearance of the Auger peaks.
II. COMPUTATIONAL DETAILS
Many dicationic states of the outer valence part of the double-ionization spectrum of SiF 4 were computed. This was done within a theoretical framework based on twoparticle Green's functions. The second-order approximation scheme used for the two-particle propagator is known as the algebraic diagrammatic construction ͑ADC͒ and has already been discussed extensively in the literature ͓13-18͔. For a general overview of the theory and its application to Auger spectroscopy see Ref. ͓19͔ . We would like to mention that other computational approaches to Auger spectra are available in the literature. An incomplete list comprises Refs. ͓20,21͔. We briefly recall here that the ADC formulation of the spectral representation of the propagator leads, at any given order of perturbation theory ͑as defined with respect to the neutral ground-state Fock operator͒, to a symmetric eigenvalue problem in the space of the dicationic configurations of the system under study. The double-ionization energies appear as eigenvalues and the eigenvectors are related to the residue amplitudes of the propagator. In the second-order scheme, ADC͑2͒, the configuration space comprises all the two-hole (2h) configurations and all their single exitations (3h1p), defined in the basis of the neutral ground-state Hartree-Fock orbitals. The resulting eigenvalues give sizeconsistent ionization energies that are correct beyond second order for main states ͑i.e., states perturbatively derived from 2h space͒ and beyond first order for satellite states ͑derived from 3h1 p configurations͒.
The calculations of the present work have been carried out in a triple-zeta basis set ͓22,23͔ including polarization functions ͓24͔. The experimental Si-F bond length of 1.56 Å ͓25͔ has been used. The active molecular orbital space in T d symmetry in the ADC calculations comprises 97 HartreeFock orbitals ͑20 occupied͒. The ADC matrices range in size from 51 255 to 73 200, depending on space-spin symmetry ͑in the D 2 subgroup͒.
Using ADC͑2͒ we computed double-ionization potentials ͑DIP's͒ and pole strength distribution of the outer valence dicationic states of SiF 4 in the energy range extending up to 120 eV. It is expected that the number of dicationic states characterized by a significant 2h projection, and thus relevant to the description of the Auger spectra, is of the order of 10 3 , with an average density well exceeding 10 states/eV. To selectively extract these many exact roots of large eigenvalue equations is of course very problematic. On the other hand, exactly because of the high density of relevant states, rather than in individual eigenvectors, we are interested in computing with enough accuracy the envelope of the dense pole strength distribution which, as will be discussed, can be related to the Auger spectrum. This task can be accomplished very effectively by employing a block-Lanczos procedure using as seed the 2h configuration space ͑main space͒. The ordinary, simple-vector, Lanczos algorithm was previously used, in connection with Auger spectroscopy, to extract selected roots in configuration calculations ͓10-12͔. The block-Lanczos technique we use here can be shown ͓26,27͔ to provide a convergence rate on the ''spectrum'' of main space components, which is exponential in the width of the lines making up the spectrum. The fact that the blockLanczos method provides the moments of the spectrum with respect to its starting space ͑all 2h components͒ with a high uniform accuracy, as well as its enhanced convergence properties make this approach decisively superior to the ordinary Lanczos algorithm. In the present case, with an assumed width of ϳ 1.5 eV, full convergence on the whole spectrum was obtained after 100 block-Lanczos iterations. The states up to about 60 eV were also individually converged.
III. DICATIONIC STATES AND DOUBLE-IONIZATION ENERGIES
For an ionic molecule like SiF 4 one expects that the outer valence electron density is mainly located on the electronegative constituent. In the neutral ground state the electronic structure of the system can adequately be described by a valence bond model with an ionic bond between the silicon and each flourine atom ͑where the electrons are strongly displaced towards the fluorines͒ and three nonbonding, nonoverlapping, electron distributions ͑lone pairs͒ concentrated around each fluorine. The electronic Hartree-Fock T d ground-state configuration of SiF 4 is
An interpretation of the molecular orbitals can be obtained by performing a Mulliken population analysis ͑see Table I͒ . The K and L shells of the silicon atom as well as the K shell of the fluorine atoms were considered as core. The L shell of the silicon consists of the two states 1a 2 and 1t 2 , which are the Si 2s and 2 p orbitals, respectively. The next seven orbitals build up the valence shell. It can be subdivided into two regions: the inner valence part ͑orbitals 2a 1 and 2t 2 ) and the outer valence part. The orbitals of the inner valence shell are mainly of fluorine 2s character. The bonding is exercised mostly through the 3a 1 and 3t 2 orbitals of the outer valence part. The three outermost orbitals represent the fluorine lone pairs. The double-ionization energies and 2h composition of the most important exactly computed states are reported in Table  II . According to the character of the molecular orbitals, one expects the following distribution of the outer valence twohole states with increasing energy: ͑fluorine lone pair͒ Ϫ2 , ͑fluorine lone pair͒ Ϫ1 ( bond͒ Ϫ1 and ( bond͒ Ϫ2 . These three regions can easily be identified in Table II in the energy region from 37 up to 47 eV. The singlet-triplet splitting within this part of the spectrum is of the order of several 10 Ϫ1 eV. In the energy region ranging from 48 up to 57 eV this same structure is repeated twice, once for the lowerlying triplet states and once for the singlet states, with a singlet-triplet splitting here of the order of several eV. This already gives a first indication on the character of the states, namely, that the states rising from 37-47 eV are pure ''twosite'' states with the two holes localized in two different bonds, and that the states ranging from 48 to 57 eV are ''one-site'' states where the two holes are localized in the same bond. In the following section these arguments will be made more quantitative. Another important result emerging from these data is that already at low double-ionization energies a very strong twohole configuration mixing in the composition of the most states arises. These observations point very clearly to an intractability of the SiF 4 double-ionization spectrum within an independent-particle framework and are consistent with the requirements dictated by atomic localization of positive charges. This was illustrated in detail for the case of BF 3 ͓9͔.
IV. ATOMIC LOCALIZATION OF THE TWO HOLES IN THE DICATIONIC STATES
We now come back to the question of if and to what extent a localization of the two valence holes in the final states of the Auger process takes place. As reviewed in the Introduction, this gave reason for controversial interpretations for over a decade. Having the correlated wave functions at hand, we can now study this question in detail.
In analogy to the Mulliken population analysis we use a two-hole population analysis of the dicationic states ͓9͔. By this analysis, the contributions of the 2h part of the ADC eigenvectors to the total pole strengths are expressed in terms of the atomic orbital 2h functions. This provides a welldefined way to analyze the pole strength in terms of localized atomic contributions. The sum of the contributions of the atomic-orbital ͑AO͒ hole pairs p, q to the total pole strength where both p and q refer to basis functions centered on a given atom A is the ''one-site'' pole strength of that atom, and measures the extent to which the dicationic state can be described as having both holes localized on atom A. Similarly, the ''two-site'' character of a state for each pair of atoms A and B, describing the localized component with one hole localized on A and the other on B, is measured by the sum of terms where p and q refer to basis functions centered on A and B, respectively. Thus the predominance of one of these contributions for a given state indicates that the two vacancies are strongly localized in space ͑either at the same or each at another atomic center, according to the dominating component͒. States for which more than one component is significantly present are characterized instead as having correspondingly delocalized holes.
In the case of SiF 4 we can thus separate the total 2h pole strength of the ADC states in contributions that we denote as Si Ϫ2 ͑two holes on the silicon atom͒, F Ϫ2 ͑two holes on the same fluorine atom͒, F 1 Ϫ1 F 2 Ϫ1 ͑two holes on different fluorine atoms͒, and Si Ϫ1 F Ϫ1 ͑one hole on the silicon and one on a fluorine atom͒. The relevant results for the outer valence dicationic states in the energy region up to 60 eV are reported in Table III . At higher energy, most ADC eigenvectors are not individually fully converged and so their individual population analysis is not meaningful. To validate the following discussion, however, we point out that the total 2h distribution ͑envelope͒ is fully converged over the whole spectrum, as are also its separate population components.
The results of the population analysis show without ambiguity that all dicationic states of SiF 4 are dominated either by the fluorine one-site ͑F Ϫ2 ) or by the fluorine two-site ͑F 1 Ϫ1 F 2 Ϫ1 ) character. This means that the two holes are always strongly localized in space: for any given state they are either localized on the same fluorine atom, or each on another fluorine atom. This pronounced localization of the electron vacancies at the fluorine sites obviously characterizes their energies via hole-hole repulsion and, according to their similar hole distribution, the states cluster in eight energy separated groups. This confirms in full the similar results obtained in Ref.
͓5͔.
The computed average populations ͑in percent of the total 2h pole strength͒ for the eight groups of states are reported in Table IV . Here and in the following the groups are denoted by labels A to F, in order of increasing double-ionization energy. The table also reports the details of the characterization of the states in terms of the s and p shells of fluorine involved in the ionization. The grouping of states is evidenced in Fig. 1 , where we show a Gaussian convolution of the computed total 2h pole strength distribution and a histogram plot of the density of states. As the figure illustrates, the density of states is relatively low in the right-hand side of the spectrum up to ϳ60 eV. Here the shape of the convolution is determined essentially by a relatively small number of states dominated by 2h components. At higher energies, a massive increase in the density is computed, and the 2h character is spread over many states. However, far from becoming uniformly distributed, states continue to occur in evident very dense clusters and the shape of the 2h envelope reflects this pattern precisely. The results of the population analysis are illustrated in Fig. 2 , where we have reported analogous separate contributions of the F Ϫ2 and F 1 Ϫ1 F 2 Ϫ1 components to the total 2h pole strength. This makes evident the alternating and complete dominance of one or the other component. One can also note here the close coincidence between the sum of the fluorine contributions and the total 2h curve. The difference between the two is due essentially to the Si Ϫ1 F Ϫ1 component since the Si Ϫ2 terms are systematically orders of magnitude smaller.
With the aid of these illustrations we can now analyze in more detail the various groups of states and their origin. The first group ͑labeled A in Table IV and in the figures͒. ranging from 37 to 47 eV is dominated by the F 1 Ϫ1 F 2 Ϫ1 population. These states are clearly characterized as fluorine p Ϫ2 in character, and have holes localized on two distinct fluorine atoms. The charge separation minimizes the hole-hole repulsion so that this group is found at the low-ionization energy side of the spectrum ͑high kinetic energy of the Auger electrons͒. In group A, due to the relatively large distance between the two holes, singlet-triplet pairs of states lie close in energy, separated by only a few tenths of eV. Group A is followed by its one-side counterpart group B, comprising p Ϫ2 states with two holes confined on the same fluorine atom according to the large F Ϫ2 component. The highest-lying states of group A and the lowest-lying states of group B are clearly separated in energy by a gap of almost 2 eV, the peaks themselves are separated by more than 10 eV. The data show that the states of group B actually split into two distinct subgroups, B 1 and B 2 . The lower-energy side of B 1 is made up entirely of triplet states, while the higher-lying B 2 only of singlet states. This is easily understood in view of the strong localization of both positive charges in the same small region of space, producing singlet-triplet splitting values of the order of few eV. States with a similar 2h composition ͑see Table II͒ Peak Si character of the states is systematically a very small fraction of the total 2h pole strength. The Si Ϫ1 F Ϫ1 population is typically one order of magnitude smaller than the dominating ͑fluorine͒ population, and the Si Ϫ2 contribution about two orders of magnitude smaller. These population terms involving silicon are smaller at the low-energy end of each group of states, where the outermost purely fluorine electrons are involved, and tend to increase towards the high-energy end of each group, where the more bonding electrons are involved. It is very important to note one particular consequence of the character of the dicationic states: while for any state the fluorine one-site hole density is either dominating or, compared to the dominating term, negligibly small, the silicon one-site character is of the same relative order of magnitude for all states and spread uniformly throughout the spectrum. We shall discuss in the next section how this fact suffices to give full account of the observed Auger spectra.
The results presented above thus show unquestionably that two valence electron vacancies created in a SiF 4 molecule have a very strong tendency to localize at the fluorine atoms, either on the same or two different ones. This is at least true for all the states that have a significant 2h character and thus carry Auger intensity. As we have seen, the energy distribution of these states is straightforwardly dictated by their one-site or two-site character and the atomic shells of fluorine involved. We whould like to emphasize that these conclusions are not the result of a particular interpretation of the theoretical data or just a convenient picture or discussion framework, nor can they possibly be considered an artifact of the methods we use. They derive from the straightforward analysis of the correlated wave functions of the dicationic states and summarize a genuine physical phenomenon which, as we shall discuss, leaves unmistakable fingerprints on the experimental observations. It is possible to obtain a simplified but plausible picture of the double hole localization. When two different Si-F bonds are ionized, the two holes drift towards the fluorine atoms because these are electron rich and this minimizes hole-hole repulsion. In the double ionization of the same Si-F bond, it should be expected that hole repulsion tends to separate the two positive charges, one on Si and one on F. However, the ground-state population analysis shows that the electron density around the silicon site is small and, of course, distributed over the four bonds. The full localization of even only one hole at the silicon is therefore energetically highly unfavorable and, consequently, the corresponding hole-population terms are systematically small compared to the F Ϫ2 terms.
V. AUGER SPECTRA
Although Auger transition probabilities are difficult quantities to compute accurately ͑all the more so for large polyatomics where the number of relevant final dicationic states is enormous͒, we can use qualitative arguments, which follow straightforwardly from the results discussed in Sec. IV, to estimate the Auger intensity distribution in the spectra based on the two-hole population analysis ͓17-19͔. We shall thus not attempt to compute accurate intensities of individual transitions, but rather to use the results of the two-hole population analysis to achieve an unambiguous interpretation of the observed Auger bands, each consisting out of numerous states. These arguments appear particularly appropriate for SiF 4 because of the clear-cut localized character of the dicationic states discussed above. The Auger decay is an essentially intra-atomic process that, therefore, in a polyatomic system, can roughly be thought of as a probe of the magnitude of the two-hole density in the final dicationic states at the atomic site where the primary, decaying, core hole is created. It is clear that only states that have a significant relative component of the two-hole density located at a given atom can have an appreciable rate of decay from the corresponding core hole. We can therefore expect to observe a qualitative correspondence between the energy distribution of a given X Ϫ2 component of the pole strength and the re- gions of strongest intensity in the Auger spectrum originating from core ionization of atom X. This correspondence has indeed been shown to hold with remarkable precision ͓17-19͔, especially when, as is most often the case, the density of states is high enough for many states to contribute to each resolved Auger band.
The results of the two-hole density analysis discussed in the previous section and the above arguments lead to a straightforward prediction of the appearance of the fluorine and silicon Auger spectra in SiF 4 . In the fluorine spectrum, the contribution of each group of states reduces to a binary yes or no choice: since all states are either fully one-site or fully two-site, they either appear in the spectrum ͑one-site states͒ or have vanishing intensity ͑two-site states͒. In other words, the states in groups B, D, and F make up the spectrum, while those in groups A, C, and E should be essentially dark. The spectrum should have a distinct atomiclike ͑neon like͒ appearance, with three separate regions of 2 p Ϫ2 , 2s Ϫ1 2p Ϫ1 , and 2s Ϫ2 character, respectively. The large singlet-triplet gap separating the D 1 and D 2 components should be visible in the spectrum. This correspondence between the F Ϫ2 population distribution, convoluted with a Gaussian envelope where each state is assigned a width of 2.0 eV, and the experimental fluorine KLL spectrum of SiF 4 is clearly displayed in Fig. 3 . As can be seen, the agreement in the overall profile and also in the individual band shapes is remarkable, leaving no doubt about the interpretation. The groups of states dominated by the F 1 Ϫ1 F 2 Ϫ1 character do not appear. There is one intense, clearly composite, band at ϳ50 eV, broadened on the high-energy side and accompanied by a small peak. The theoretical spectrum drawn at the chosen resolution evidences these features accurately. This part of the spectrum corresponds to the distribution of p Ϫ2 -like states of groups B 1 and B 2 ͑see Table IV and Fig.  2͒ . The two weaker bands corresponding to the D 1 and D 2 (s Ϫ1 p Ϫ1 ) appear at ϳ70 and ϳ80 eV, respectively. The relative intensity of these peaks is in evident deviation from the experiment, but this is easily explained by the much smaller expected transition rate of the triplet states ͑group D 1 ), which has not been accounted for. The experimental spectrum shows an evident band between 60 and 70 eV, where only dark F 1 Ϫ1 F 2 Ϫ1 states are computed. This is fully consistent with the attribution of this feature to shakeup and shakeoff satellites that do not belong to the normal Auger spectrum ͓28͔. It should be noted that these satellites can in principle be eliminated from the experimental spectrum by measuring the Auger electrons in coincidence with the primary core electron. Finally the weak and broad peak of s Ϫ2 origin ͑states of group F͒ appears at about 100 eV. The relative position of the high-energy peaks is somewhat underestimated in the calculations due to the strong relaxation effects ͓5͔, which are not completely accounted for.
The interpretation of the fluorine Auger spectrum in the light of the two-hole density analysis clarifies some relevant and general questions. Its simple atomiclike appearance emerges as the result of the pronounced localization of the two holes taking place in the dense manifold of final states. Because of the intra-atomic nature of the Auger process, this phenomenon enforces extremely strict selection rules on the decay transition rates, whereby more than half of the available dicationic states, comprising all the ones of F 1 Ϫ1 F 2
Ϫ1
character, is not populated at all. Indeed, by simple counting arguments, about 3/5 of the states are forbidden. This fact deprives the fluorine spectrum of all the relevant information about the molecular environment, reducing it to an indistinct self-image of the fluorine atom itself, almost indistiguishable from, say, the fluorine spectrum of hydrogen fluoride. It is interesting to remark, for example, that among the totally dark states we find the lowest-lying ones, belonging to group A. This readily explains in very simple terms the fact that the onset of the spectrum is found to lie about 11 eV above the double-ionization threshold of SiF 4 , which may be at first sight rather puzzling if one is guided only by the superficial and misleading observation that the lowest dicationic states must obviously derive from ionization of purely fluorine electrons. Its seems evident that the analogous feature characterizing the fluorine spectrum of CF 4 ͓29͔ can easily be understood in the light of our results ͓30͔. By following the same lines of analysis, the apparent complexity of the silicon LM M spectrum of SiF 4 is of immediate interpretation. The Auger process is here probing the two-hole density at the silicon site in a situation where, as we have seen, the Si Ϫ2 population, of both s and p character, is small but very uniformly distributed over the entire spectrum of doubly ionized states. This extreme physical situation obviously prevents the occurrence of any a priori strong selection rule similar to those found in the fluorine spectrum and we are led to conclude that it all eight groups of states should be visible in the Si spectrum, each of the most widely spaced groups producing one separate band. The Gaussian convoluted distribution of the Si Ϫ2 population is compared to the experimental spectrum in Fig. 4 , showing a striking agreement for all the band shapes, which confirms in full our qualitative prediction. The two bands in the theoretical spectrum corresponding to the groups B 1 and B 2 are clearly not resolved in the experiment, due probably to state-specific broadening effects that we of course neglect completely. De- spite this, even most relative intensities of the bands are reproduced within acceptable error bounds in the computed spectrum, confirming that the distribution of one-site spectroscopic factors is what statistically dominates band formation in dense spectra ͓19͔. This is particularly evident here since the Si Ϫ2 terms are very small and one could expect that many effects affecting in different ways the intensity and broadening of different Auger transitions play a comparatively large role. These include, for example, decaying state satellites and nuclear dynamics effects. Our results show that, at the resolution of the compared experiment, these effects are essentially uniform throughout the spectrum and largely averaged out by the high density of states. It is illuminating to note, in this respect, the evident similarity between the ͑experimental or theoretical͒ silicon spectrum and the convolution of total 2h pole strengths displayed in Fig. 1 . The assignment of the bands coincides essentially with the two-hole population analysis of the groups of states discussed earlier and we shall not repeat it here. Note that the highest-energy band, due to the F Ϫ2 inner-shell ionization at about 100 eV, is computed to be very weak and broad, and lies outside the range of the experimental spectrum. It is likely that strong correlation effects beyond those accounted for in our calculations make this band even broader and hardly detectable.
The conceptual differences between the results of Auger decay from the fluorine and silicon core holes stand out very evidently from our analysis. While the fluorine spectrum is strictly atomic in appearance, bearing no trace of the chemical environment, exactly the opposite is true for the silicon spectrum. Here all the atomic information is lost and the spectrum reflects in every detail the full set of dicationic states, whose energy distribution is exclusively determined by the surrounding molecular environment where the electron vacancies are produced. This characteristic of Auger spectra has been defined foreign imaging ͓5͔ and is fully confirmed by the present work. The Si spectrum of SiF 4 represents a prototype example of this phenomenon, where the lack of selection rules is practically complete. This feature may at first sight seem to contradict the intra-atomic character of the Auger decay, but it should be emphasized that it is, on the contrary, a direct consequence of it. The silicon atom undergoes a pronounced electron loss upon binding four fluorine atoms, and there is hardly any trace of the electronic structure of Si 2ϩ present in the molecular dication. Thus, it is plainly impossible to relate the Si spectrum of SiF 4 to that of the isolated atom. Because of the intraatomic dominance of Auger decay rates, it is precisely this absence of a discernible silicon dication to be reflected by the loss of atomic information in the molecular spectrum.
VI. SUMMARY AND CONCLUSIONS
In the present work we have performed ab initio Green'sfunction calculations beyond second-order perturbation theory on the whole double-ionization spectrum of silicon tetrafluoride, comprising many thousands of states, in order to study its Auger spectra and, in particular, to arrive at the definitive interpretation of the puzzling silicon LM M spectrum. The calculation at this level of theory, which is the least required to obtain a conclusive noncontroversial picture of the phenomena involved, have been rendered feasible by the use of a block-Lanczos technique to achieve rapid convergence on the envelope of the dense two-hole pole strength distribution.
A population analysis of the correlated two-hole density thus obtained has shown that in all the dicationic states of SiF 4 the two-electron vacancies are strongly localized at the fluorine atoms, either each on a different atom or both on the same. This two-site or one-site hole localization and the outer or inner valence character of the ionized electrons dictates, via hole-hole repulsion, the energy distribution of the states, which come in dense and well-separated groups. The Si Ϫ2 component of the two-hole density is orders of magnitude smaller and uniformly distributed over all groups.
Seen in the light of the intra-atomic nature of Auger decay, this provides the key to understanding the character and appearance of the Auger spectra of SiF 4 . Very strict selection rules are imposed on the fluorine spectrum, where only one-site F Ϫ2 states are active, and none on the silicon spectrum, where essentially all the dicationic states are observed. Theoretical spectra obtained by convolution of the appropriate one-site pole strengths are found to be in close agreement with experiment.
The most remarkable aspect of the Auger spectroscopy of SiF 4 and similar systems is that all the information concerning the molecular system is filtered out of the ligand ͑fluo-rine͒ spectrum, which is strictly atomiclike, and entirely transferred to the central atom ͑silicon͒ spectrum. The latter, because of hole localization at the ligands, loses all atomic information and yields instead a complete and detailed image of the surrounding molecular environment where the electron vacancies are located. This scenario was already proposed on the basis of preliminary model calculations and named for- FIG. 4 . Experimental ͑upper͒ and theoretical ͑lower͒ Si 2p Auger spectrum of SiF 4 . The theoretical spectrum is obtained by Gaussian convolution ͑FWHM 2.7 eV͒ of the Si Ϫ2 two-hole populations resulting from ADC͑2͒ calculations. The underlying fit in the experimental curve was done by the experimentalists ͓2͔.
eign imaging ͓5͔. The present extensive calculation conclusively confirms its existence and general relevance. SiF 4 is an extreme example of this situation, but a continuous wide range of very interesting ''weaker'' cases exist. A foreignimaging spectrum is determined by the systematically very small magnitude of the relevant one-site pole strength, which enables the surrounding environment to leave its fingerprint on the spectrum. Two-hole localization and the uniformity of the one-site density distribution may, however, be less pronounced and patterned than in SiF 4 , giving rise to more structured and complex spectra. The carbon spectrum of the less ionic CF 4 molecule is one appropriate example of this ͓30͔. In all these cases, it is expected that the concepts and guidelines illustrated in the present work may serve as a useful toolbox for analysis.
